Abstract. As a high redundancy system with high stability and adaptability, disaster rescue robot is widely used in collapsed buildings for search and rescue work. In the paper, a snake-like robot based on cylinder module is developed. The robot prototype consists of eleven modules that are connected by revolute joints. Each joint has two degrees of freedom and allows bending in two mutually orthogonal planes. The serpenoid curve is considered as the control law and control parameters of snake curve are chosen by simulation and adjusted after experiment. Experimental results of snake robot show that the gait based on serpentine curve is reasonable and controlled easily.
Introduction
Snake robots have the potential to make substantial contributions in areas such as rescue missions, firefighting, and maintenance where it may either is too narrow or too dangerous for personnel to operate [1] . It has proven that the snake-like robots are more flexible and adaptable in difficult environments than conventional wheeled or legged mobile mechanisms.
Snake robots with many degrees of freedom have been studied in the past decades. The important characteristic of limbless locomotion was investigated and the mechanism of snake robot was also analyzed by many researchers. The early research on snake robots can be dated as far back as the robot made by Shigeo Hirose in 1972 which has 20 revolute joints with one degree of freedom called the Active Cord Mechanism model ACM II [2] . After his snake robot more and more prototypes and locomotion methods related to snake-like robot has been reported. A serpentine robot named GMD was realized by driving wheel as the scales [3] . Recently, the paper [4] presented a novel joint mechanism with spherical module for a snake robot aimed at enabling the robot to demonstrate obstacle-aided locomotion in cluttered and irregular environments. Furthermore, research has been aimed at mathematical formulation of snake motion, kinematics [4] and dynamics [5] , using robotic snakes with wheels [6] , crawler tracks [7] or only the snake body itself [8] . The work in [9] offered a Gibbs-Appell method analyzing the dynamic dynamic model in detail. The work [10] explained the method of non-smooth to build the dynamic model of the snake robot.
Although much work related to snake robot was analyzed in the published literature, there are still many challenges to face both on the modeling and control of snake robot due to its high number of degrees of freedom and how to achieve an easily controlled gait for practical use of snakelike robot movement is worthwhile to consider. Most work was done on the creeping propulsion since lateral locomotion is the most frequently and efficient form of snakes. To achieve creeping locomotion on a supporting plane, a snake robot with different friction coefficients in the tangential and the normal directions with respect to the body is designed in the paper. Up to now most of the snake robot employ wheels to realize the directional friction, which are also utilized in our robot. To establish an easily controlled gait for practical use of snakelike robot movement, a crawl locomotion gait model based on a serpenoid curve is presented in the paper. The efficiency of the gait is given. Parameters of the criterions and their influence on the efficiency of the gait are discussed by simulations and experiments.
Mechanical Designs and Control System
As a biological machine, snake robot is always designed to connect in series joint units which can bend in an animated manner. In the section, the mechanism design and control system of our robot will be introduced.
Mechanism Design
In our design, the cylinder module of snake robot is capable of becoming extended or removed easily. The whole mechanical snake consists of eleven links which are connected through active joints that allow bending in two mutually orthogonal planes. The joint module of snake robot, as shown in Fig. 1 , mainly consists of two small dc motors, two motor housings, two bevel gear set, passive wheels and an active ring. Each revolute joint with two degrees of freedom is directly actuated by two motors. One motor is used to control the angle between one link and the next link on the horizontal plane and the other is used to control the angle between the link and the next on the vertical plane.
To show the diversity of our snake robot, we will discuss the mechanism compared to Anna Konda which is designed as a firefighter robot with joints operated by a water Fig. 1 . The structure of one joint of our snake robot hydraulic actuation system [12] . In our design, A small geared dc motor is chosen to actuate the joint due to its great torque and compact size that make it possible to realize small module to increases flexibility in ruins environment. The joints with two degrees of freedom make it possible for snake robot to be capable of locomotion in complex three-dimensional environment.
The dimension of the module of our snake robot is much smaller than that of Anna Konda. The head link of our robot is special where it does not contain the same internals as the body links, but rather makes room for infrared sensor, power and controllers. This gives the head segment a length 20cm, and a radius 8cm while the body segments a length 16cm and a radius 8cm. The maximum angle in yaw and pitch direction with respect to each module are both ±45 • which are limited by the position and shape of the bevel gear set.
In the published paper [10] , Anna Konda achieves sidewinding motion successfully but the lateral locomotion without the aid of external obstacles is not mentioned and it is a apparent challenge since its mechanism design does not meeting the character of diversity of friction force in normal and tangential direction which is essential to the special gait of serpentine locomotion. Wheels are a simple and efficient tool to help achieve the locomotion. In our design, six passive wheels are fixed on the cylinder body in the uniform distribution. With the modified construction, the flexibility and adaptability of our snake robot will be enhanced.
Control System of Snake Robot
Our snake robot consists of 11 links and has 20 degrees of freedom. The robot control system mainly comprises of a computer, dual serial motor controllers, position feedback sensors and power supply, and is shown in Fig. 2 .
The main computer, as a centralized controller, is responsible for the high level control such as parameters setting, motion shape selection and dealing with the feedback information from position sensors. The microcontroller based on Atmel Atmega1280 is employed to detect the voltage change signal of position sensor and offers feedback to the computer. The dual serial motor controller Qik 2s9v1 produced by Pololu company, as Fig. 3 , is employed as a motor controller. Each joint is equipped with such a Fig. 2 . The general control architecture of the snake robot controller. Once the motor controller receives control data from computer via RS232 transmitted in the scheduled protocol format defined by the motor controllers' manufacturer, it drives to control the joints' pitch and yaw.
Gaits for Snake Robot and Kinetics Model
The snake robots achieve all forms of movement mainly through controlling the shape of the body. We control the shape appropriately, and then the snake robot will achieve the desired locomotion. Here, inchworm locomotion based on serpentine curve is the elective movement for our robot. The inchworm locomotion is based on traveling waves of mechanism deformation on the plane. We simplify the snakelike robot as a multilink system consisting of N identical links. The number of links that form the traveling wave is n = 4 and the number of whole snake robot is N =11. Fig. 4 shows general steps of the inchworm locomotion of snake robot. At the beginning all the links stay in a straight line. The propulsion step of a traveling wave is from state b to state d. After one entire cycle of movements, the snake robot advances along the desired direction for a distance d step . In the paper, we assume the robot move in low speed, so its dynamistic effect can be not considered in this case and its kinematical analysis of serpentine locomotion is presented in the following paper. The traveling wave model is shown as Fig. 5 , and the relative angles of the joint are derived from serpenoid curve.
Serpenoid curve first introduced by Shigeo Hirose is efficient [11] . According to his studies, the tangential angles of this path must be a sinusoidal function, the snake curvature satisfies ρ = −ab sin(bs) (1) where α represents the amplitude of an angle, b represents constant ratio and s represents the snake curve arc length, respectively. The curve angle can be derived from integration of the curvature function as follows
Then we find the relative joint angle as where l is half the length of one body link of snake robot. Now we can get the relative angle of each joint which is time function as follow
where A = −2sin(bl), ωt = bs, β = 2bl, for i = 1, ··· , N − 1. In the work [12] , it presents that A, β are the parameters that determine the shape of the serpenoid curve realized by the snake robot and ω specifies how fast the serpentine wave propagates along the body, the simulation results based on different control parameters are shown as Fig. 6 . In the paper, we assume the number of links forming the traveling wave n = 4. The initial relative angle of the motion curve at t = 0 is obtained as
for i = 1, 2, 3. Then the forward distance after one entire cycle of movements is obtained by
We assume that the initial shape of snake robot is in a straight line state, and thus there is a transition step of movement from static state to creeping state. For starting the locomotion, the initial winding angle is increased gradually from zero to a required value. The change is transmitted from the front joint to the end joint in order and the snake robot move forward at a distance of d step after one entire cycle of the traveling wave formed by n joints.
Experience
In this section, we present the experimental results. All the small motors are actuated at the same time, so the body of snake robot can be curled up into sine curve in a moment. Then we will carry on control all segment rotating in the same regulation, but just under a time space. The reference relative joint angles are dependent on the parameters α = π/6 rad, β = π/3 rad, ω = 1.5 rad, which control the shape of the traveling wave and the speed of the wave. The experimental motion is shown in Fig. 7 . From the Fig. 7 , we find that the traveling wave seems smooth since the relative joint angels are based on the classical serpentine curve. The inchworm locomotion is Fig. 7 . The experimental result of inchworm locomotion often applied on the vertical plane, but it does not mean the similar traveling wave is impossible to realize on the horizontal plane. The experimental results for the motion prove that the inchworm locomotion is a useful method for snake robot. The robot moves forward at a distance 9cm approximately within 10 seconds after one entire cycle of the sine wave traveled from the end joint to the front joint in order.
However, there are some problems needed to notice. The shape of the whole snake robot was not able to recover a straight line as an initial straight line state when one cycle motion ends. Many reasons might account for the problem. Firstly, although snake robot moves slowly to avoid the sideslip, it is not valid that the contact force between a snake-like robot and the ground surface is not considered totally. So the pure kinematical model built in the paper may contribute to the final arc state of the snake robot. Secondly, the snake robot designed in the paper has a noticeable free play in the joints of about 3 − 5 • . This results in that the control of the joint angles is not completely accurate and a joint angle might not be able to reach its desired angle.
Conclusion
In the paper we design a snake robot with joint of two degrees of freedom and realize its inchworm gait which is a practical motion and controlled easily. Experimental results of the snake robot show that the gait based on serpentine curve is reasonable and the snake robot moves forward smoothly. However, there are still a lot of work that need to solve. The speed of the motion is not enough efficient in order to avoid sideslip. The contact force between snake robot and the ground surface is necessary to consider and a new model is needed to build badly.
